A growing body of behavioral evidence implicates reward prediction errors (RPEs) as a key factor in the 25 acquisition of episodic memory. Yet, important neural predictions related to the role of RPE in 26 declarative memory acquisition remain to be tested. Using a novel variable-choice task, we 27 experimentally manipulated RPEs and found support for key predictions on the neural level with fMRI. 28
Introduction 49
When meeting a new person, being able to remember his/her name from a single encounter is essential. 50
Referred to as episodic memory (Tulving, 1993) , this information can for instance be recalled to strike up 51 a conversation when running into that person later on. 52
Several studies have investigated the behavioral and neural mechanisms by which such one-shot 53 episodic memories are learned. In particular, previous work identified an important role of reward. 54
Compared to unrewarded contexts, items memorized within rewarding contexts are associated with 55 better recognition performance in old-new item decisions (Shneyer & Mendelsohn, 2018) . Neurally, this 56 beneficial effect of reward on episodic memory has been ascribed to increased activity of the striatum. 57
For instance, rewarded to-be-remembered items elicit stronger striatal activation when subsequently 58 remembered (Adcock, Thangavel, Whitfield-Gabrieli, Knutson, & Gabrieli, 2006 ; for review see, 59
Miendlarzewska, Bavelier, & Schwartz, 2016; Wittmann et al., 2005) . Additionally, reward induces a 60 gradual retroactive effect whereby items temporally closer to the reward are best remembered (Braun, 61 Wimmer, & Shohamy, 2018). 62
However, learning based solely on reward has limited computational power. Reinforcement learning 63 (RL) theory instead has highlighted the importance of reward prediction errors (RPEs) for learning 64 (Sutton & Barto, 2018) . RPEs arise when choice outcomes deviate from their predictions. They are 65 implemented via dopaminergic activity bursts, stemming from midbrain nuclei (i.e. ventral tegmental 66 area (VTA) and substantia nigra (SN)), and broadcast to ventral striatum (VS) and other cortical and 67 subcortical areas (Watabe-Uchida, Eshel, & Uchida, 2017). 68
In line with RL theory, recent work suggests a crucial role of RPEs in episodic memory. Behaviorally, 69 memory encoding improves linearly with better-than-expected rewards, called signed RPEs (SRPEs) (De 70 Loof et al., 2018; Jang, Nassar, Dillon, & Frank, 2019). Neurally, high-beta and high-alpha oscillatory SRPE 71 signatures mirror behavioral SRPE effects (Ergo, De Loof, Janssens, & Verguts, 2019). The behavioral 72 SRPE effect on episodic memory also correlates with hippocampal activation and functional connectivity 73 between hippocampus and striatum (Davidow, Foerde, Galván, & Shohamy, 2016) . In addition, striatal 74 activation is positively correlated with SRPEs and predicts choice confidence levels in a delayed 75 recognition test (Pine, Sadeh, Ben-Yakov, Dudai, & Mendelsohn, 2018). Finally, RPEs elicited during the 76 recognition phase of a previously learned item list, control the decision criterion for old-new item 77 decisions (Scimeca, Katzman, & Badre, 2016) . 78 Although significant evidence points towards an RL-based acquisition of episodic memory, key neural RL 79
predictions have yet to be tested; we proceeded with the following steps. First, we attempted to 80 replicate the behavioral SRPE effect on recognition memory, and the linear SRPE pattern in VS. Second, 81 and crucially, we tested a trial-to-trial SRPE slope effect on subsequent episodic memory accuracy. 82
Third, we investigated if functional connectivity between stimulus-processing areas and hippocampus, 83 VTA, and VS was modulated by SRPE value. Finally, we correlated VS activation (across subjects) with 84 recognition memory. We addressed these RL predictions on episodic memory encoding using fMRI. 85
Results

86
Recognition memory improves with learning-evoked SRPE 87 Thirty participants performed the variable-choice task in the MR scanner ( Fig. 1A ; see also Ergo et al., 88 2019) . Each trial started with a fixation cross (0.5 sec), followed by a celebrity face in the top part of the 89 screen, together with four village pseudo-names. After exploring the display for four seconds, either 1, 2 90 or 4 names were framed. The participant's task was to guess which village name was associated with the 91 celebrity face. Participants had to choose between the framed names, which was followed by choice 92 feedback. By systematically varying the number of framed village names, we were able to manipulate 93 the signed reward prediction error (SRPE) received at choice feedback, on each trial. We computed the 94 SRPE as r -p, where r is the observed reward (1 and 0 for correct and incorrect guesses, respectively), 95 and p is the probability of making a correct choice. This probability is 1, 0.5 or 0.25, respectively for the 96 1-, 2-or 4-frame conditions. Hence, SRPEs could take on the values -0.5, -0.25, 0, 0.5, 0.75. Upon 97 completion of the variable-choice task, participants performed the memory test (outside the scanner). 98
During this test, participants again observed the 70 faces alongside the same four competing village 99 names (shuffled relative to their previous positions in the display during the variable-choice task). They 100 had to select the village name previously associated with the presented face and were instructed to 101 provide a certainty rating on their choice afterwards. We imposed no time restrictions on either task. 102
As expected from previous work (De Loof et al., 2018; Jang et al., 2019) memory performance (i.e., 103 recognition accuracy) increased linearly with SRPE, χ 2 (1, N = 30) = 11.18, p = 0.00083 ( Fig. 1B) . We 104 observed a positive main effect of reward, χ 2 (1, N = 30) = 7.61, p = 0.0058. Importantly, we also 105 observed a positive main effect of choice options number, χ 2 (1, N = 30) = 3.92, p = 0.048; thereby, 106 suggesting that this linear increase was not due to a mere reward effect. 107 participants saw a face alongside four words (4 sec). Subsequently, either 1, 2 or 4 names were framed, 110
indicating the options participants could choose from. Following a jittered interval with just a fixation 111 cross, participants were shown the to-be-learned face-word association framed in green/red for 112 correct/incorrect choices; this choice feedback evoked an SRPE of different levels (color-coded by the 113 arrows between the variable-choice and choice-feedback events We next turn to fMRI data. All fMRI results (summarized in Table 1 and 2) are family-wise error (FWE) 121 cluster-corrected; see Table 1 for contrast-specific voxel-wise thresholds. 122
As a first check of our experimental manipulation, we modeled five regressors representing choice 123 feedback for each SRPE value (GLM-1), and contrasted all five regressors (with a contrast vector [1 1 1 1 124 1]) against baseline ( Fig. 2A ). If participants were in fact encoding the associations between faces and 125 village names, we expect this contrast to reveal strong hippocampal activation. The choice-feedback 126 contrast indeed revealed robust activation in bilateral hippocampus (left: FWE-p < 0.0001, right: FWE-p 127 < 0.0001; also violet ROI in Fig. 3B ), ventro-medial prefrontal cortex (vmPFC: FWE-p < 0.0001), and left 128 inferior frontal cortex (IFC: FWE-p < 0.0001). 129
We then investigated which brain areas encode SRPEs. Based on GLM-1 we tested, at the individual 130 subject level, for a mean-centered SRPE contrast across the five regressors of interest (i.e., the choice-131 feedback events associated with our five SRPE values). This contrast would hence identify SRPE-sensitive 132 brain areas with increased activity as SRPE value increases. The SRPE contrast revealed robust bilateral 133 VS activations (blue activation in Fig. 2B and Table 1 ; left VS: FWE-p = 0.001; right VS: FWE-p = 0.002), 134 suggesting a crucial role of the VS in computing SRPE, in accordance with earlier work ( To further explore this pattern, we extracted the beta weights from VS for each SRPE level and subject. 138
They displayed a positive linear relationship with SRPE values, χ 2 (1, N = 30) = 40.02, p = 2.5e-10 ( Fig. 2C) . 139
We observed a main effect of reward (χ 2 (1, N = 30) = 51.4, p = 1.2e-12; i.e., rewarded trials beta weights 140
have higher values compared with unrewarded trials beta weights). We also observed a main effect of 141 number of options (t(29) = 7.05, p = 9.279e-08); 4-options trials beta weights have higher values 142 compared with 2-options trials. To further certify that the number of options contributed to the SRPE 143 effect, we performed an exploratory analysis. For each participant we averaged the slope for the 144 negative RPEs (i.e., -0.5 to -0.25) with the slope for the positive RPEs (i.e., 0.5 to 0.75), resulting in the 145 average VS activation increase as the number of options is increased from 2 to 4 options (hence 146 controlling for the unbalanced design, see Fig. 7 ). We compared the slope of this activation increase 147 against 0 (one-sample t-test, two-sided). Results show a significant increase (t(29) = 2.51, p = 0.018), 148
suggesting an effect of SRPE which is also instigated by the number of options and not reducible to a 149 pure reward effect. A more rigorous test that the SRPE effect is not reducible to a mere reward effect, is 150 given in the next result section. 151
We further explored whether the linear effect of SRPE on activation was present in our other ROIs. We 152 did not observe such an effect, neither in face-selective areas (FSA, see below), hippocampus, nor VTA 153 (all p > 0.16; Fig. 3 ). Note that we further tested whether specific brain areas would encode for an 154 unsigned RPE (URPE) effect (see Materials and Methods). No brain area was active based on the URPE 155 contrast. 156 Table 1 
Striatal SRPEs predict memory accuracy on a trial-by-trial basis
183 RL theory predicts that steeper SRPE slopes on a trial-to-trial basis would improve subsequent memory. 184
To test this, in a new GLM (GLM-2) we added 4 parametric modulators to a choice feedback regressor 185 (see Materials and Methods). The first modulator indicated whether the encoding phase of that trial led 186 to a correct (1) or wrong (0) recognition at the subsequent memory test (termed recognition accuracy 187 modulator). The second modulator consisted of the SRPE value for the trial at hand; its value could be -188 0.5, -0.25, 0, 0.5, or 0.75 (termed SRPE modulator). The third modulator was the SRPE*subsequent 189 memory accuracy interaction (termed the SRPE interaction modulator). Testing for this third modulator 190 identifies brain areas with a stronger SRPE-dependent linear increase driving episodic memory when 191 recognition is correct (relative to wrong) at the subsequent memory test. We added a fourth modulator 192 composed of the interaction between reward (i.e., rewarded (1) or unrewarded (0) choice) and 193 subsequent memory accuracy; allowing us to control for a pure reward*subsequent memory accuracy 194 interaction effect. 195
The SRPE interaction modulator revealed bilateral activation of the VS ( Fig. 2A , violet activation map; 196 left: FWE-p = 0.004; right: FWE-p = 0.006). This result suggests that VS activation is crucial for successful 197 recognition. Furthermore, the SRPE modulator revealed bilateral VS activation ( Fig. 4A , cyan activation 198 map; left: FWE-p = 0.004, right: FWE-p = 0.006), thereby confirming results from GLM-1. Testing for 199 other modulator contrasts revealed no activation surviving the statistical threshold (whole-brain or with 200 small volume correction (SVC)). 201
As an additional demonstration that the effect of striatal SRPE value on subsequent memory accuracy is 202 not a pure reward effect, we repeated the GLM-2 analysis only for rewarded trials (i.e., with 3 reward 203 levels 0, .5, and .75). This additional analysis again confirmed our second hypothesis; we observed 204 bilateral activation of the VS (Fig. 4B , blue activation map; left: FWE-p = 0.004; right: FWE-p = 0.006). Functional connectivity between stimulus-processing areas and hippocampus, VTA, and 214 VS depends on SRPE value 215 Next, we tested if encoding of episodic memory is reflected by increased functional connectivity 216 between stimulus-processing areas, i.e., subject-specific FSAs (Fig. 3A) , and hippocampus, VTA and VS, 217 as a function of SRPE value. We thus carried out a psychophysiological interaction (PPI) analysis 218 Ventral striatum activation predicts overall memory performance 239 Finally, we tested whether VS activation would be predictive of overall memory performance across 240 subjects. We therefore extracted mean beta weights from the VS (defined from the results of the 241 abovementioned SRPE contrast) to correlate them with performance on the memory test. Our results 242 showed a positive correlation between VS mean beta weights and the percentage of correct 243 recognitions in the memory test (r = 0.44; p = 0.014; Fig. 2D Additionally, we confirmed that SRPEs are encoded in the ventral striatum (VS). Second, we revealed a 266 trial-by-trial correlation between striatal SRPE value and subsequent episodic memory. Third, by using 267 localizable task-relevant stimuli (i.e. face-selective area (FSA)), we further showed that connectivity 268 between task-relevant areas and VS, VTA, and hippocampus depends on SRPE. Fourth, we showed that 269 activity in VS correlates (across participants) with overall memory accuracy. 270 prior to the to-be-learned association, demonstrating that a strict temporal overlap is not crucial. It is 283 likely, however, that there is a temporal gradient such that an RPE too far removed from the 284 memorandum leads to diminishing effects. In particular, ( In most studies, just a single reward (or RPE) event occurs on each trial. Instead, a recent study 289 manipulated several types of RPE in each trial (Jang et al., 2019) . In this study, participants observed the 290 value associated with a specific upcoming gamble (leading to a value-based RPE). Next, they were shown 291 an object (belonging to one of two categories) associated with a specific reward probability (leading to a 292 probability-based RPE). Participants chose to gamble the previously cued value or not (by either 293 selecting or passing on the object), with the instruction that a failed gamble would lead to a negative 
Signed reward prediction errors influence encoding of episodic information
Striatal SRPEs predict subsequent memory 304
Rewarded versus neutral to-be-memorized items have been found to activate (dopaminergic) midbrain, 305 hippocampus, and striatal activation (Wittmann et al., 2005) . Moreover, rewarded items elicit stronger 306 activation in the ventral striatum (as well as in dopaminergic midbrain and hippocampus), when 307 subsequently remembered versus forgotten (Adcock et al., 2006) . These findings support a role of 308 reward processing in episodic learning. The effect of reward on memory is thought to be due to 309 dopaminergic signaling in the striatum, presumably leading to enhanced long-term potentiation (LTP) of 310 the to-be-remembered stimuli (Lisman et al., 2011) . 311
Striatal activation associated to episodic learning does not necessarily need to be linked to explicit 312 reward. For instance, successfully learning the meaning of new words caused striatal activation, similar 313 to that of a reward gambling task (Ripollés et al., 2014) . In addition, activity in bilateral ventral striatum 314 increased when a previously learned word was recognized as being correctly used (i.e., made semantic 315 sense) in a subsequent sentence, suggesting that self-monitoring of successful novel word learning may 316 be associated with potential reward-related signals (Ripollés et al., 2016) . Interestingly, novel word learning performance is enhanced when participants are given levodopa (a dopaminergic precursor) 318 compared with risperidone (a dopamine antagonist) (Ripollés et al., 2018) . 319
In addition, SRPE has been related to subsequent memory. In a recent study, participants learnt episodic 320 information and were tested on their recognition in two subsequent tests, respectively 2 days (Test 1) 321 and 7 days (Test 2) after learning. VS activity (measured in Test 1) was negatively correlated with choice-322 confidence ratings in Test 2, specifically when participants transitioned from an incorrect (Test 1) to a 323 correct response (Test 2) (Pine et al., 2018) . Another study reported a negative relationship between 324 striatal RPEs and subsequent memory performance (Wimmer, Braun, Daw, & Shohamy, 2014) , 325 seemingly in contradiction with our current data and with RL theory. The discrepancy between this and 326 the current study may relate to how RPEs are calculated in each. Specifically, in one of the studies 327 (Wimmer et al., 2014) , subjects must track reward probability, thus imposing a challenging dual task on 328 top of the memory task. In such case, trials with a strong RPE signal may signify that subjects were more 329 attentive to the reward tracking task, at a cost for the memory task. Instead, our novel variable-choice 330 paradigm imposes no dual-task requirements: The reward probability was explicitly and clearly 331 presented on each single trial. In such case, we indeed observed a positive relationship between ventral 332 striatal RPEs and subsequent memory encoding. 333
In addition to the effect of SRPE during learning, as our data show, striatal RPEs may also play an 334 important role during retrieval. For instance, during an old-new item decision task, biased positive 335 feedback (i.e., overall more positive feedback regardless of decision accuracy) induces a shift in the 336 decision criterion (towards a more lenient criterion) (Scimeca et al., 2016) . Thus, striatal RPEs play a role 337 in the strategies used to make memory decisions. Together with ours, these results suggest that RL may 338 support episodic memory both during encoding and retrieval. 339 learning network prior to, during, and after encoding the to-be-remembered stimuli. 343
SRPE value modulates connectivity strength between stimulus-relevant areas and the
For instance, when participants are cued that an upcoming to-be-remembered item is associated with a 344 high reward, connectivity between VTA and hippocampus is increased during the cue interval (i.e. prior 345 encoding) for subsequently remembered versus forgotten items (Adcock et al., 2006) . 346
Other studies showed that connectivity strength between hippocampus and striatum (putamen) is larger 347 for rewarded (correct) than for unrewarded (incorrect) items. This result was observed at the moment 348 of incidental item encoding, and only present in adolescents but not in adults, suggesting a learning 349 advantage to increased reward sensitivity in adolescents. 350
An important aspect of our experimental design relies on the type of stimuli used. Specifically, 351 participants had to remember face-word associations. Therefore, by using an independent face-selective 352 area localizer, we were able to test whether changes in connectivity profiles could take place between 353 stimulus-processing areas and a previously reported RPE-based learning network consisting of VTA, VS 354 and hippocampus. We could test this at the moment of stimulus association encoding. vein, differences in connectivity strength prior to and post-stimulus encoding have been shown to be 365 modulated by reward context. In particular, it has been shown that the connectivity between category-366 selective areas (i.e. FFA and parahippocampal place area (PPA)) and hippocampus is enhanced when 367 reward is high (Murty, Tompary, Adcock, & Davachi, 2017) . 368
Although RPE-dependent changes in connectivity profiles have been demonstrated, the question of how 369
RPEs increase connectivity and thereby improve memory remains. One possibility may be that RPEs 370 enhance theta phase synchronization. In line with such a view, experimentally induced theta 371 synchronization between visual and auditory modalities improved multimodal stimulus memories 372 (Clouter, Shapiro, & Hanslmayr, 2017) , and theta phase synchronization in such a paradigm (as 373 measured via EEG) predicts memory performance on a trial-by-trial basis (Wang, Clouter, Chen, Shapiro, 374 & Hanslmayr, 2018) . Therefore, theta synchronization between relevant brain areas may play the role 375 of efficiently cementing memory information. 376
Conclusions 377
We manipulated SRPE in an episodic associative learning task. We replicated previous work showing the 378 behavioral effect of SRPE on subsequent memory, i.e. high SRPE values lead to enhanced subsequent 379 memory. Furthermore, we observed that SRPEs, encoded in VS, predict both, across subjects and on 380 trial-to-trial basis, subsequent memory accuracy. Finally, we demonstrated that connectivity strength 381 between stimulus-processing areas and VS, VTA, and hippocampus, is modulated by SRPE values. 382
Therefore, we suggest that episodic memory encoding is guided by an RPE-based neural (RL) 383 mechanism, as is also the case in procedural learning (Schultz, Dayan, & Montague, 1997) . In episodic 384 memory, bilateral VS relays VTA/SN-computed RPEs towards stimulus-processing areas and 385 hippocampus, thereby increasing functional connectivity between hippocampus and cortical areas. 386 387
Materials and Methods
388
In this section, we provide all technical, methodological, and analytical details. We start by describing 389 participant demographics, followed by a full description of the experimental design. We then 390 successively explain behavioral and fMRI data acquisition and analyses. All tasks and analysis codes, as 391 well as face, word, and house stimuli used in our experiment are available on OSF 392 
Experimental design
Participants underwent four tasks (total duration ~80 min) in the following order: celebrity knowledge 402 task (outside the scanner, ~15 min), variable-choice and functional localizer tasks (inside the scanner, 403 ~50 min), and memory test (outside the scanner, ~15 min). All tasks were programmed with PsychoPy2. 404 Celebrity knowledge task. In the celebrity knowledge task, participants were shown a celebrity face 405 alongside four potential celebrity names. Participants had to select the correct celebrity name by 406 pressing the keys "d", "c", "n" or "j" to respectively select the name in the top left, bottom left, bottom 407 right, or top right corner of the display (Fig. 6 ). Following their choice, participants gave a certainty 408 rating on a 4-point scale ranging from "completely unsure", "rather unsure", "rather sure" to 409 "completely sure". They gave their answer using the same keys as above. Participants had no time 410 restriction on these choices. The celebrity knowledge task was performed in one block of 140 trials. 411
Once completed, we selected a subset of 70 accurately recognized faces, which had been rated as 412 "completely sure". When participants did not reach that level of accuracy, a random draw of faces was 413 selected to complete the subset of 70 trials. This subset of 70 faces composed the stimulus set 414 subsequently used in the variable-choice task for that subject (see below). We chose known celebrities 415 because these stimuli can be verbalized and, hence, increase the possibility of learning the association 416 between faces and village names (see below). On top of this, we randomly selected six of the remaining 417 faces for the variable-choice task training, and a set of 60 of the remaining faces (not used in the 418 variable-choice task) for the functional localizer task. This task was run on a Dell Latitude E5550 laptop. 419 420 Figure 6. Celebrity knowledge task. Participants were first shown a celebrity face alongside four 421 competing celebrity names. No time limit was imposed to respond with the keyboard (keys "d", "c", "n" 422 and "j", respectively for top left, bottom left, bottom right and top right names). Participants then (using 423 the same keys) indicated their choice certainty. 424
Variable-choice task. Participants underwent the variable-choice task in the scanner (Fig. 1A) . They first 426 observed a fixation cross (0.5 sec), followed by the presentation of a celebrity face on top of the screen 427 together with four village pseudo-names. After exploring the display for four seconds, either 1, 2 or 4 428 names were framed. The participant's task was to guess which village name was associated with the 429 celebrity face. Participants were constrained to choose between the framed names. By varying the 430 number of framed village names, we were able to manipulate the signed reward prediction error (SRPE) 431 on each trial. We can compute the SRPE as r -p, where r is the observed reward (1 and 0 for correct and 432 incorrect guesses, respectively), and p is the probability of making a correct guess. This probability is 1, 433 0.5 or 0.25, respectively for the 1-, 2-or 4-frame conditions. Hence, SRPE could take on the values -0.5, - Note that prior to the variable-choice task, participants underwent six training trials outside of the 453 scanner; two of each condition (i.e., 1-, 2-, and 4-frame) leading to correct and incorrect guesses (except 454 for the 1-frame condition always leading to correct guesses). Therefore, participants had experienced all 455 the SRPEs prior to performing the task inside the scanner. The training phase was run on a Dell Latitude 456 E5550 laptop, and participants gave their response with the "d", "c", "n" or "j" key (as in the celebrity 457 knowledge task). 458 Functional localizer task. Immediately following the variable-choice task, participants underwent the 459 functional localizer task. In this task, participants alternatingly observed a centrally presented celebrity 460 face or a house (1.5 sec) and a fixation cross (0.5 sec). The task of the participants was to respond with 461 the right index finger, whenever the presentation of a face/house would repeat (i.e., 1-back task; Fig. 8 ). 462
Note that contrasting blocks of a 1-back task on face versus house stimuli has been proven efficient to 463 functionally reveal fusiform face area (FFA) activation (Berman et al., 2010) (see below). House pictures 464 were taken from earlier work (Schiffer, Muller, Yeung, & Waszak, 2014) and faces were randomly 465 selected from the subset of 60 faces that was not presented during the variable-choice task. Participants 466 performed 16 blocks (8 blocks with faces and 8 with houses, in random order) of 18 trials. Each stimulus 467 had a 0.2 probability of repeating itself (but could not repeat itself twice). 468 to press with their right index finger whenever a face (or house) was repeated (blue arrow). 471 472 Memory test. Upon completion of the functional localizer task, participants performed the memory test 473 ( Fig. 9 ). During this test, participants again observed the 70 faces alongside the same four competing 474 village names (shuffled relative to their previous positions on the display during the variable-choice 475 task). In order to minimize primacy or recency effects, we chunked the 70 trials presented during the 476 variable-choice task in chunks of 10 trials; the first 10 trials forming chunk 1, the following 10 trials 477 forming chunk 2, and so on. The trials of each chunk were randomly shuffled, and the chunks were 478 represented in sequential order (from chunk 1 to 7). As in the celebrity knowledge task, participants 479 pressed keys "d", "c", "n", or "j" to respectively select the village names at the top left, bottom left, 480 bottom right or top right; and were instructed to provide a certainty rating on their choice after each 481 trial. We imposed no time restrictions on either task. 482 483 Figure 9 . Trial structure of the memory test. Participants observed a celebrity face alongside four village 484 names. Using the same keys as in the celebrity knowledge task, participants recalled the association 485 previously learned during the variable-choice task. Subsequent to their choice, participants rated their 486 choice certainty (using the same keys). 487
